A self-powered origami paper analytical device (oPAD) uses an aptamer to recognize an analyte, a glucose oxidase (GOx) tag to modify the relative concentrations of an electroactive redox couple, and a digital multimeter (DMM) to transduce the result of the assay. The sensor is self-powered in that it self-generates an electrical signal so that the read-out process is similar to testing a battery. The principle of the sensor is illustrated in Scheme 1. Briefly, the device is printed on a single piece of paper, folded into a three-dimensional (3D) configuration, and then laminated in plastic. An aliquot of sample is loaded at the inlet, split into two channels, and then directed to microbeads entrapped within the channels. In one channel, an aptamer immobilized on microbeads binds to the target and releases a GOx-labeled DNA strand that flows Scheme 1. The operating principle of the sensor. DMM = digital multimeter.
downstream. No aptamer is present on the microbeads in the other channel, which is used as a control. The split fluids terminate in an hour-glass-shaped, two-compartment electrochemical cell. The waist of the hour glass serves as a salt bridge between the two half-cells. In one of the half-cells, GOx catalyzes the oxidation of glucose, which in turn results in conversion of [Fe(CN) 6 ] 3À to [Fe(CN) 6 ] 4À . The difference in concentrations of [Fe(CN) 6 ] 3À and [Fe(CN) 6] 4À in the sensing half-cell and control half-cell results in a voltage that is used to charge a capacitor. When the switch (lower part of Scheme 1) is closed, the capacitor discharges through the DMM. The capacitor provides a high instantaneous current, in effect an amplified current, and hence a higher sensitivity than a direct current measurement.
This device and its operational features are important for five reasons. First, the aptamer is immobilized on microbeads trapped within the paper fluidic channel. This design greatly simplifies probe introduction, compared to direct immobilization on paper, [1] because existing bead immobilization and characterization methods can be used for a range of different probe families, including aptamers, DNAzymes, [2, 3] and antibodies. Second, as configured in this device, bead immobilization eliminates the need for a washing step. Third, although aptamers and other nucleic acid probes have been used on test strips, [4] they have not been integrated with fluidic devices using patterned paper. Aptamers can bind to a wide range of targets, including those (like the adenosine target we report) that are not immunogenic. [2] Moreover, nucleic acid probes are generally more stable than those based on proteins. [5] Fourth, the transducer is based on a concentration cell, which acts like a battery to charge a capacitor that is subsequently read-out using a DMM. The latter has a very wide dynamic range, and the use of the capacitor results in a quantitative response that yields a 17-fold enhancement of sensitivity compared to a direct current measurement. Finally, the device is encapsulated in plastic using impulse edge thermal lamination, which solves many problems, including fluid evaporation, reagent deactivation, and device contamination.
Paper fluidics have their genesis in the lateral flow test strip, which was first released commercially by Unipath in 1988 in the form of a home pregnancy test kit. [6] The low cost and ease of use of this family of devices ensured an expansion in the number of types of assays available, particularly for point-of-care applications. [5] In 2007, Whitesides and coworkers added functionality to the basic lateral flow design by developing a means for dividing the paper substrate into hydrophilic and hydrophobic regions. [7] These types of devices are now known as microfluidic paper analytical devices (mPADs). [8] [9] [10] [11] [12] [13] In 2008, Whitesides and co-workers introduced 3D PADs, which were constructed by alternating layers of patterned paper and double-sided tape. [14] These devices provided even more functionality, but the fabrication method does not lend itself to mass production. More recently, we reported an origami-based method that resolves the fabrication problems associated with the original, multi-level mPAD design. [15] Origami PADs (oPADs) are fabricated (patterned) on a single sheet of chromatography paper and then folded into a 3D fluidic architecture using simple principles of origami (that is, no adhesive tape or scissors are permitted).
Most paper-based assays transduce the sensing/recognition chemistry using colorimetry, [11, 15] fluorescence, [15] or electrochromism. [16] Therefore image recording using a camera or scanner, a computer, and appropriate software are required for quantification and unambiguous analyte determination. [11, 15] These add time, cost, complexity, and uncertainty (that is, variation of light) to the assay. Electrochemical methods have also been used to transduce signals from paper-based devices. [9, 17] Such experiments normally involve a potentiostat, which limit applications for POC testing. Handheld readers have alleviated this drawback, and in particular, mPADs have been integrated with personal glucose meters (PGM). [10] However, the sensing chemistry in that case is based on direct oxidation of analytes using the relevant oxidases or dehydrogenases, and the applicability of such sensors to a specific analyte is limited by the availability of the redox enzyme. Note also that the PGM is designed to detect glucose in the millimolar concentration range, and thus requires significant signal amplification for trace analysis. [18] The second-generation oPAD (oPAD 2) reported herein is comprised of two layers as shown in Figure 1 a. On the first layer, an inlet and a pair of identical channels originating at the inlet, were fabricated by wax printing. [12] On the second layer, two electrodes were fabricated by screen-printing conductive carbon ink onto the paper. An additional fluidic inlet is also present on the second layer, and it can be used for adding additional sensing layers in the future. As discussed previously, incorporation of additional sensing layers to the oPADs does not require much fabrication overhead. [15] When the paper is folded at the predefined fold line, the electrodes contact the end of the fluidic channel, where the two channels recombine to form two half cells connected by a thin fluidic channel that acts as a salt bridge. This strategy avoids direct printing of the electrodes onto the channel architecture, which would render the channels hydrophobic owing to the binder present in the carbon ink.
To test this general approach, we first constructed a concentration cell using the following procedure. GOx was preloaded in one of the channels, and then a solution containing 12 mL of 100 mm glucose and 100 mm [Fe(CN) 6 ] 3À in 0.01m PBS buffer (pH 6.0) was loaded into both halves of the electrochemical cell. After drying in the dark, the device was folded and then encapsulated in plastic by impulse edge thermal lamination. As shown in Figure 1 b, the oPAD was fully enclosed with the exception of a small opening for sample loading (marked by a purple arrow) and two copper leads connected to the carbon electrodes. Note that lamination ensures vertical contact between adjacent layers, which eliminates the need for the type of metal clamp used in our earlier work. [15] After assembly of the oPAD, 20 mL of 0.01m PBS buffer (pH 7.4) was introduced through the inlet (Figure 1 c) . After 10 min, when the fluid recombined in the electrochemical cell (Supporting Information, Movie S1), the oPAD was placed onto a breadboard (Figure 1 d) . The electric circuit on the breadboard was designed to measure the current generated by the oPAD using the DMM while simultaneously accumulating the resulting charge on the capacitor. Of course, in the future, the capacitor would be directly fabricated on paper and integrated into the laminated package. Upon closing the switch, the capacitor quickly discharges, and the resulting maximum current is recorded by the DMM. Information about the sampling frequency of the DMM is provided in the Supporting Information. Importantly, the magnitude of the discharge current increases linearly with an increasing concentration of GOx (Supporting Information, Figure S1 ), thereby demonstrating the applicability of the sensor to quantification. Note that making use of the capacitor discharge current increases the sensitivity of the assay 15.5-fold compared to a simple current measurement (4.1 mA pmol À1 vs. 0.26 mA pmol À1 ; Supporting Information, Figure S1 ).
With these promising preliminary results in hand, we carried out a heterogeneous aptamer assay. Biotin-labeled aptamers for adenosine [18, 19] were immobilized on 10 mm diameter polystyrene (PS) microbeads functionalized on their surface with streptavidin. It was possible to keep track of the location of the microbeads, because they contained fluorescent Nile Red. A 0.10 mL aliquot of the 0.25 % (w/v) microbead solution was added to one of the channels and allowed to dry. To ensure that the microbeads did not move in the paper channels, we carried out the following simple experiment. First, the entire unfolded device was imaged in a fluorescence scanner to locate the beads (Figure 2 a) . Next, the device was folded and a PBS solution (0.01m, pH 7.4) was added to the device inlet and allowed to flow to its end. Finally, the device was imaged a second time (Figure 2 b) . The results show minimal (and acceptable) bead displacement after exposure to the buffer solution.
Heterogeneous assays generally require longer incubation times than homogeneous assays owing to reduced mass transfer of reagents to the immobilized probes. Longer assay times can be a problem for paper devices owing to water evaporation, but this issue has been addressed by encapsulating the device in an impermeable enclosure. For example, pressure-sensitive adhesives [11, 13] or printer toner [12] have been used for this purpose. We used a glossy and clear plastic envelope sealed with an impulse thermal edge laminator that only applies heat to the edge of the plastic.
This approach avoids adhesives, [11, 13] which can lead to contamination or nonspecific adsorption of reagents or targets, and heat-induced deactivation. [12] Using this approach, we found that the channel stays wet in the enclosed device at 37 8C for more than 2 h (Supporting Information, Figure S2 ).
To demonstrate the function of the aptamer probe in the enclosed oPADs, a fluorescent adenosine aptamer sensor (Figure 2 e ) was tested in the device. Adenosine is a crucial biological cofactor in many biological processes, such as those involved in kidney function. Normal levels of urinary adenosine are in the micromolar range, and elevated renal adenosine levels can be characteristic of disease. [20] As shown in Figure 2 c, two separate channels were preloaded with 15 mL of aptamer solution containing 0.32 mm adenosine aptamer strand, 0.20 mm fluorophore strand, and 0.40 mm quencher strand, and then the channels were allowed to dry in air. Next, a 15 mL buffer solution containing 5 mm adenosine was introduced into one of the channels, and only buffer was added to the other channel. After 15 min the fluorescence from both channels was measured. As shown in Figure 2 c, fluorescence is enhanced in the channel where adenosine is present. Moreover, there is a linear relationship between the fluorescence intensity and the adenosine concentration between 0.5 mm to 5 mm.
For electrochemical readout, we used 5' biotin-modified DNA (bDNA). The biotin group was used to link streptavidin-labeled GOx (sGOx). The sequences are shown in Figure 3 b. UV/Vis spectroscopy was used to characterize the product. Details about the synthesis, characterization, and UV/Vis spectra ( Figure S3 ) are available in the Supporting Information. The key point is that bDNA binds to sGOx, which is separated from free bDNA by centrifugal filtering. The process for fabricating oPADs for electrochemical detection of adenosine is provided in the Supporting Information. As shown in Figure 3 a, the current increased with increasing adenosine concentration. The detection limit, calculated as three times the standard deviation of the blank divided by the slope, is 11.8 mm. The sensitivity (0.48 mA mm À1 ) was enhanced 17-fold compared to that without amplification (0.029 mA mm À1 ).
To summarize, we have developed a mPAD-type device that utilizes aptamers as the sensing probe and very simple electrochemical readout with a digital multimeter. The fabrication of the device is fast, easy, and inexpensive, and all fabrication steps could be easily automated. The sensor is self-powered in that it generates a current without the need for an external power source. [21] DMMs are ubiquitous and can be purchased for as little as US$ 30. Moreover, DMMs integrated with an iPhone or iPod (known as iMultimeter) are now available. [22] Although we used an adenosine aptamer for this proof-of-concept study, a range of probes, including antibodies, DNAzymes, or aptazymes, could also be integrated into the device using the same sensing platform. We believe that this oPAD will prove promising for applications such as point-of-care diagnosis and unambiguous sensing under resource-limited settings.
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